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SphingomyelinDiscoidal high-density lipoprotein (HDL) particles are known to fractionalize into several discrete populations.
Factors regulating their size are, however, less understood. To reveal the effect of lipid composition on their forma-
tion and characteristics, we prepared several reconstituted HDLs (rHDLs) with 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), and sphingomyelin at phospholipid to apolipoprotein A-I ratios of 100
and 25. When reconstitution was conducted at 37 °C, the efﬁciency of rHDL formation from POPC was decreased
as compared with that conducted at 4 °C. Moreover, large rHDLs with a Stokes diameter of 9.6 nm became
dominant over small rHDL with a diameter of 7.9 nm, which was distinctly observed at 4 °C. The
aminophospholipids POPS and POPEpromoted the formation of small rHDLs at 37 °C, butﬂuorescence experiments
revealed that they did so in a different fashion: Fluorescence lifetime data suggested that the head group of POPS
reduces hydrophobic hydration, especially in small rHDLs, suggesting that this lipid stabilizes the saddle-
shaped bilayer structure in small rHDLs. Fluorescence lifetime and anisotropy data showed that incorporation
of POPE increases acyl chain order and water penetration into the head group region in large rHDLs, suggesting
that POPEdestabilizes the planar bilayer structure. These results imply that these aminophospholipids contribute
to the formation of small rHDLs under biological conditions.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
In high-density lipoprotein (HDL) biogenesis, apolipoprotein A-I
(apoA-I) interacts with transmembrane ATP-binding cassette transport-
er ABCA1 [1–4]. This reaction brings about the formation of discoidal
nanoparticles, in which apoA-I molecules wrap around the edges of the
lipid bilayer. HDLs showdiscrete size distribution in plasma [5]. Discoidal
HDLs are transformed into a spherical form through cholesterol esteri-
ﬁcation by lecithin:cholesterol acyltransferase (LCAT) [6,7]. Mature
spherical HDLs accept more cholesterol from peripheral tissues and
transport it into the liver for recycling and secretion into the bile
[8]. Reverse cholesterol transport is, thus, believed to play a crucial
role in cholesterol homeostasis and protection against arteriosclerosis.
Similar discoidal nanoparticles can be reconstituted with phospho-
lipids (PLs), cholesterol, and apoA-I in vitro [9–11]. Physicochemical, 1,2-bis(1-pyrenedecanoyl)-sn-
idylethanolamine; DPH, 1,6-
io; PL, phospholipid; rHDL,
ero-3-phosphoethanolamine-
+81 76 434 7568.
akano).
l rights reserved.and biological studies with reconstituted HDLs (rHDLs) have revealed
that efﬁciencies of cellular cholesterol efﬂux [12] and activation of
LCAT [13,14] increase with the increase in size of rHDLs. Favari et al.
have revealed that rHDLs with mean Stokes diameters (dS) of 7.8 nm
promote both ABCA1-mediated cellular cholesterol efﬂux and ABCG1-
mediated cellular cholesterol efﬂux, while larger 9.6-nm rHDLs can be
acceptors for only ABCG1-mediated cholesterol efﬂux but not ABCA1-
mediated cholesterol efﬂux [15]. Toledo et al. have recently shown
that 7.8-nm rHDLs are active to remove PLs from CHO cells compared
to 9.6-nm rHDLs [16]. These results imply that the structural difference
of rHDLs modiﬁes interaction with cells and thereby determines their
metabolic fate. Therefore, it is important to elucidate the structural
differences among rHDLs with various dimensions and factors that
regulate their size.
In our previous study, the structure of rHDLs consisting of apoA-I
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was
investigated using 2 ﬂuorescence techniques, i.e., ﬂuorescence lifetime
of dansyl phosphatidylethanolamine (dansyl PE) and excimer for-
mation of 1,2-bis(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine
(C10dipyPC) [17]. The former is sensitive to the change of head
group packing and the latter correlates to the lateral pressure in
the acyl chain region. These approaches have demonstrated that
small rHDLs with dS of 7.9 and 9.0 nm have a curved lipid bilayer
that forms a saddle surface, while large (9.6 nm) rHDLs have a planar
bilayer.
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sphingomyelin (SM) are major components of the plasma membrane
as well as phosphatidylcholine (PC), and they are components of HDLs
[18]. To reveal the effect of these lipids on the formation of discoidal
HDLs, we prepared rHDLs with PC, PS, PE, and SM, and evaluated their
size distribution and lipid-packing state by gel ﬁltration chromatography
and ﬂuorescence methods, respectively. The results of these studies
provide information on the physicochemical roles of the individual
lipids. In particular, the ﬁnding that small rHDLs are stabilized in the
presence of PE with negative spontaneous curvature reconﬁrms the
saddle-shaped bilayer structure of these particles.
2. Experimental procedures
2.1. Materials
POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
egg yolk SM, and 1,6-diphenyl-1,3,5-hexatriene (DPH) were
from Sigma-Aldrich (St. Louis, MO, USA). 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(LissamineRhodamineBSulfonyl) (Rho-DOPE)
and dansyl PE were from Avanti Polar Lipids (Alabaster, AL, USA).
C10dipyPC was from Invitrogen (Eugene, OR, USA). ApoA-I was isolated
from pig plasma using procedures described previously [17]. The purity
of apoA-I, as determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, was greater than 95%. All other chemicals were of the
highest reagent grade.
2.2. Sample preparation
All rHDL particles were prepared by the sodium cholate dialysis
method [11,19]. The required amounts of a chloroform–methanol so-
lution of POPC, POPS, POPE, and SM were mixed in a round-bottomed
glass ﬂask. For samples labeled with a ﬂuorescence probe, a chloro-
form–methanol solution of the probe was mixed with a lipid solution
to yield 0.1 mol% (for Rho-DOPE or C10dipyPC) or 0.2 mol% (for
dansyl PE) of total lipids. After the organic solvent was removed by
using an evaporator, the sample was dried overnight under vacuum.
The dried mixture was dispersed in Tris-buffered saline (10 mM
Tris, 150 mM NaCl, 1 mM EDTA, 0.01 g/mL NaN3, pH 7.4). Sodium
deoxycholate was added at a molar ratio of lipid:deoxycholate of
1:2, and then the mixture was vortexed and incubated until clear.
ApoA-I was added to the lipid mixture at a lipid-to-protein ratio (LPR)
of 100 or 25 (mol/mol). After overnight incubation, themixture was di-
alyzed for 2 days against Tris-buffered saline to remove deoxycholate.
2.3. Gel ﬁltration chromatography
The rHDL samples prepared with 0.1 mol% Rho-DOPE were
analyzed by gel ﬁltration chromatography on a Superdex 200 column
(GE Healthcare UK Ltd., Buckinghamshire, UK) eluted at room temper-
ature with Tris-buffered saline at a ﬂow rate of 0.4 mL/min. The elution
proﬁles were monitored with a Hitachi F-2500 ﬂuorescence spectrom-
eter (Tokyo, Japan), which enabled the simultaneous detection of both
ﬂuorescence signals. Fluorescence from rhodamine was detected with
excitation/emission wavelengths of 550 nm/590 nm, and tryptophan
ﬂuorescence was detected at 285 nm/350 nm. Elusion proﬁles were
expressed as a function of Kav, which is given by the following equation:
Kav ¼ Ve−Voð Þ= V t−Voð Þ ð1Þ
where Vo is the void volume, Vt is the total column volume, and Ve is the
elution volume. The Stokes diameter (dS) of rHDLs was determined as
described previously [17].2.4. Fluorescence measurements
For structural evaluation of the lipid bilayer, rHDL samples containing
0.1 mol% C10dipyPC were reconstituted at a temperature close to the
phase transition temperature of membranes (i.e., 4 °C for POPC and
POPC/POPS, 16 °C for POPC/POPE, or 28 °C for POPC/SM) and applied to
the column for gel ﬁltration chromatography. The elution proﬁles were
monitored at room temperature with dual ﬂuorescence from C10dipyPC
at 378 nm (monomer) and 478 nm (excimer) with excitation at
345 nm on the Hitachi F-2500 to determine the excimer-to-monomer
ﬂuorescence intensity ratio (Ie/Im) of each subclass.
For structural evaluation of the lipid bilayer, rHDLs containing
0.2 mol% dansyl PE were reconstituted at an LPR of 100 and 25 and
fractionated into each subclass by gel ﬁltration chromatography. The
ﬂuorescence lifetime of dansyl PE in these samples was measured
with a HORIBA NAES-550 Nanosecond Fluorometer (Kyoto, Japan)
with a pulsed hydrogen lamp (full width at half-maximum: ~2 ns).
The samples were excited through a HOYA U350 ﬁlter, and their
ﬂuorescence signal was detected through a HOYA Y48 ﬁlter at 25 °C.
Themean ﬂuorescence lifetime, bτ>,was determined as described pre-
viously [17].
Time-resolved ﬂuorescence anisotropy of DPHwas used to evaluate
the order of lipid bilayers in rHDLs with different lipid compositions. To
the rHDL preparation thatwas fractionated into each subclass by gel ﬁl-
tration chromatography, a small amount of a methanol solution of DPH
was added and incubated at 25 °C for 1 h to incorporate 0.5 mol% DPH
into the particles. The ﬂuorescence was measured on the HORIBA
NAES-550. Pulsed excitation light passing through a polarizing prism,
HOYA U360 ﬁlter, and UV-34 ﬁlter excited the samples and their
ﬂuorescence was detected through a polarizing ﬁlm, CuSO4 solution
(250 mg/mL), and HOYA L42 ﬁlter at 25 °C. The ﬂuorescence polariza-
tion r(t) was calculated as
r tð Þ ¼ IVV tð Þ−GIVH tð Þ
IVV tð Þ þ 2GIVH tð Þ
ð2Þ
where IVV and IVH are the intensities of vertically and horizontally
polarized ﬂuorescent lights, respectively, when excitation light is
vertically polarized. G represents the compensating factor for the
anisotropy sensitivity of the instrument, which is expressed as
follows:
G ¼
Z ∞
0
IHV tð Þdt=
Z ∞
0
IHH tð Þdt ð3Þ
where IHV and IHH represent the intensities of vertically and hor-
izontally polarized lights, respectively, when excitation light is hor-
izontally polarized. DPH wobbles within lipid bilayers and, thus, r(t)
can be expressed as the following equation [20]:
r tð Þ ¼ r0−r∞ð Þ exp −t=ϕð Þ þ r∞ ð4Þ
where ϕ is the rotational correlation time, r0 is the initial anisotropy
at t=0, and r∞ is the residual anisotropy at inﬁnite time. The value of
r0 was assumed as 0.395 according to Kawato et al. [21]. An apparent
ﬂuorescence anisotropy decay r(t), which is obtained experimentally
from Eq. (2), convolutes the intensity proﬁle of pulsed excitation
light; however, r∞ can be directly identiﬁed by averaging the values
of r(t) for a longer time region, where the intensity proﬁle of the
light source no longer affects the anisotropy decay. The order parameter
S is given by the equation.
S ¼ r∞=r0ð Þ1=2 ð5Þ
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3.1. Analysis of the POPC rHDL formation at 4 °C and 37 °C
Our previous study demonstrated that when rHDLs are reconstituted
with POPC at 4 °C, they can be divided into 3 categories of different sizes,
i.e., large rHDLs with dS of 9.6 nm have a planar bilayer, while the lipid
bilayer in small (7.9 nm) and intermediate (9.0 nm) rHDL particles
forms a saddle surface [17]. The discoidal particles are believed to be
in equilibrium with the remaining POPC vesicles and lipid-free apoA-I
molecules because cholate was gradually removed by dialysis. Therefore,
distribution of rHDLs is considered to depend on their relative thermody-
namic stability [22], which would vary depending on the reconstitution
conditions, such as temperature and lipid composition. In this study, we
ﬁrst investigated the effect of the reconstitution temperature on rHDL
size distribution. Fig. 1 represents gel ﬁltration chromatography proﬁles
of rHDLs reconstituted at different LPRs (100 and 25) and temperatures
(4 and 37 °C). Elution proﬁles were monitored using the ﬂuorescence
signal of Rho-DOPE. When reconstituted at 4 °C, POPC rHDLs were
classiﬁed into 3 populations (dS=9.6, 9.0, and 7.9 nm) as expected,
depending on the LPR (Fig. 1A). A broad shoulder of the peak
extending between Kav=0–0.3, which was observed at LPR=100,
is attributed to the presence of larger rHDLs. rHDLs of with dS of 9.6
and 7.9 nm were stable and their elution proﬁles were not changed
by storage at 4 °C for 1 week. When reconstitution was conducted
at LPR=100 at 37 °C, the fraction of lipids that were not involved
in rHDLs and eluted at Kav=0 was increased as compared with that
at 4 °C (Fig. 1B). This result was in agreement with our previous
study, which demonstrated the enhanced disc formation at lower
temperatures [22]. Interestingly, rHDLs of smaller subclasses (7.9
and 9.0 nm) were little formed when reconstituted at 37 °C, even at
LPR=25 (Fig. 1B, lower), suggesting that the saddle-shaped particles
become less stable at 37 °C, irrespective of the LPR.
3.2. Effects of lipid composition on the formation of rHDLs
To study the effects of lipid composition on the size distribution of
rHDLs, reconstitution was conducted at 37 °C by adding POPS, POPE,
or SM to POPC. Elusion proﬁles were monitored by simultaneousFig. 1. Gel ﬁltration proﬁles of rHDLs reconstituted with POPC at different LPRs and tempera
sodium cholate dialysis and analyzed by gel ﬁltration chromatography on a Superdex 200 co
Rho-DOPE. LPR was set to 100 (upper) or 25 (lower). The proﬁle for LPR=100 is shifted up
from the Kav values corresponding to the peak top of the elusion proﬁle.measurement of the ﬂuorescence signals of rhodamine and tryptophan
(Fig. 2). Elution proﬁles by rhodamine comprised up to 3 peaks
centered at a Kav of around 0, 0.3, and 0.4, which corresponds to
vesicle, large rHDL, and small rHDL, respectively. In addition to the
peaks observed at the same positions as above, tryptophan ﬂuorescence
provided another peak atKav=0.56,which represents lipid-free apoA-I.
The peak corresponding to small rHDLs appeared more distinctly when
detected by tryptophan ﬂuorescence than by rhodamine ﬂuorescence.
This is because the rhodamine-to-tryptophan ﬂuorescence ratio is pro-
portional to the lipid-to-protein ratio [17]. That is, small rHDLs comprise
a smaller number of lipids (including Rho-DOPE) and, thus, yield lower
rhodamine ﬂuorescence than large rHDLs, while both large and small
particles are known to contain 2 apoA-I molecules [15] so that their
ﬂuorescence intensity from tryptophan is, in principle, the same. Interest-
ingly, intermediate rHDLswere not detected in any proﬁle, suggesting the
instability of this particle at 37 °C.
Elution peaks for rHDLs and free apoA-Iwere overlaidwith each other
so that we could decompose them by employing the pseudo-Voigt func-
tion, which is a simple summation of the Gaussian function and
Lorentzian function, and quantify the efﬁciency of rHDL formation. The
ﬁtting curves are also shown in Fig. 2 and the fractions of the peak area
are summarized in Table 1. When reconstituted from POPC (Fig. 2A and
E), predominantly large rHDLs were found, and the percentage of small
rHDLs among all rHDLs calculated from the tryptophan proﬁle was 27%
at LPR=100 and 25. The size of the small rHDLs was found to differ
depending on the LPR; dS=8.2 and 7.7 nm at LPR=100 and 25, respec-
tively. A similar LPR dependency of dS was observed on reconstitution
from POPC/POPS and POPC/SM.
When rHDLs were reconstituted from POPC/POPS (molar ratio of
8/2, Fig. 2B and F), the percentage of small rHDLs among all rHDLs
was 21% at LPR=100 and was signiﬁcantly increased to 46% at
LPR=25. In addition, the fraction of lipid-free apoA-I was decreased
as compared to that obtained by reconstitution from POPC. PS is,
therefore, considered to improve the membrane–apoA-I interaction
and, accordingly, increase the number of apoA-I participating in rHDL
formation, which partly accounts for the increase in small rHDLs. In ad-
dition, the peak at the void fraction (Kav≈0) for POPC/POPS broadened
at LPR=100 (Fig. 2B) as compared with the proﬁle for POPC (Fig. 2A),
which implies the formation of vesicles with relatively smaller size. PStures. rHDLs containing 0.1 mol% Rho-DOPE were prepared at 4 °C (A) or 37 °C (B) by
lumn eluted at room temperature. The proﬁles were monitored using ﬂuorescence from
ward in each ﬁgure. The diameter sizes displayed on top of the ﬁgure were determined
Fig. 2. Gel ﬁltration proﬁles of rHDLs reconstituted with different lipid composition and LPRs at 37 °C. rHDLs containing 0.1 mol% Rho-DOPE were prepared with POPC (A and E),
POPC/POPS=8/2 (B and F), POPC/POPE=5/5 (C and G), or POPC/SM=7/3 (D and H) at LPR=100 (A–G) or LPR=25 (E–H) by sodium cholate dialysis and analyzed by gel ﬁltration
chromatography on a Superdex 200 column eluted at room temperature. The proﬁles weremonitored using ﬂuorescence from tryptophan (upper) and Rho-DOPE (lower). The diameter
sizes displayed on top of the ﬁgure were determined from the Kav values corresponding to the peak top of the decomposed proﬁles.
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quently, induce a more positive membrane curvature, facilitated by the
binding of α-helices to the surface [23].
When rHDLs were reconstituted from POPC/POPE (5/5), the
obtained proﬁle revealed the presence of both large and small rHDLs
(Fig. 2C and G). The percentage of small rHDLs among all rHDLs was
60% and 39% at LPR=100 and 25, respectively, and the size of the
small rHDLs was almost the same, irrespective of the LPR. This result
suggests that POPE, which has a negative spontaneous curvature,
promotes the formation of small rHDLs, especially with the size of
ca. 7.5 nm.
When rHDLs were reconstituted from POPC/SM (7/3), large rHDLs
were mostly detected, irrespective of the LPR (Fig. 2D and H), and the
percentage of small rHDLs among all rHDLs was 30% and 31% atTable 1
Percentage of each peak area observed by measuring the ﬂuorescence signal from tryptoph
LPR=100
Vesicle Large rHDL Small rHDL Free apo
POPC 5 62
(9.6 nm)
22
(8.2 nm)
11
POPC/POPS
(8/2)
6 74
(9.7 nm)
20
(8.3 nm)
1
POPC/POPE
(5/5)
12 28
(10 nm)
43
(7.6 nm)
16
POPC/SM
(7/3)
4 61
(9.3 nm)
26
(8.4 nm)
8
Elusion proﬁles were monitored by measuring the ﬂuorescence signal of tryptophan and th
small rHDLs, and lipid-free apoA-I, by using pseudo-Voigt functions, as shown in Fig. 2. TheLPR=100 and 25, respectively, whichwas slightly different from the re-
constitution fromPOPC. In addition, thepeak at the void fractionwas con-
siderably smaller at LPR=100 (Fig. 2D) as compared with that for other
lipid compositions (i.e., POPC, POPC/POPS, and POPC/POPE), which
suggests that the reconstitution efﬁciency between PLs and apoA-I
at 37 °C increases in the presence of SM.
3.3. Packing of phospholipid head groups in rHDLs
The gel ﬁltration chromatography data revealed that PS and PE have
the ability to stabilize small HDLs at 37 °C. Hence, we next focused on
elucidating the underlying molecular mechanisms. Fluorescence
probe-containing rHDLs with different lipid composition and size
were prepared by reconstituting at the gel–liquid crystalline phasean.
LPR=25
A-I Vesicle Large rHDL Small rHDL Free apoA-I
2 39
(9.6 nm)
15
(7.7 nm)
44
3 33
(9.4 nm)
29
(7.6 nm)
36
2 28
(9.4 nm)
18
(7.4 nm)
51
5 19
(9.1 nm)
9
(7.6 nm)
67
e overlaid peaks were decomposed into 3 components, corresponding to large rHDLs,
precision of the determination of the diameter is within 0.2 nm [17].
Fig. 4. Excimer-to-monomer ﬂuorescence intensity ratios (Ie/Im) of C10dipyPC in rHDLs.
rHDLs labeled with 0.1 mol% C10dipyPC were prepared with POPC, POPC/POPS=8/2,
POPC/POPE=5/5, or POPC/SM=7/3 by sodium cholate dialysis and were applied to
the gel ﬁltration column, and dual ﬂuorescence from large rHDLs (open bars) and
small rHDLs (ﬁlled bars) was detected at 378 nm (Im) and 478 nm (Ie) with excitation
at 345 nm. The data represent means±SD for 3 experiments.
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it is difﬁcult to obtain a sufﬁcient amount of small rHDLs at 37 °C. Al-
though the lipid composition of rHDLs may differ depending on the
reconstitution temperature, this does not matter when the effects
of the incorporation of each lipid are estimated. We evaluated the
structural difference of rHDLs using the mean ﬂuorescence lifetime
(bτ>) of dansyl PE. Dansyl PE has a ﬂuorophore at the phospholipid
head group, and its ﬂuorescence lifetime depends on the degree of
water penetration, which is more restricted in membranes with
tighter lateral packing. Using these probes allows, therefore, the de-
tection of changes in themembrane surface packing state [24–26]. As
shown in Fig. 3, small rHDLs always represented longer lifetimes
than large rHDLs, which is attributed to closer head group packing
in small rHDLs with a saddle-shaped bilayer, as has been shown in a
previous study [17]. Compared with POPC rHDLs, POPC/POPS rHDLs
represented larger bτ> values for both large and small rHDLs, and this
behavior was much more signiﬁcant for the latter particle. It is, thus,
considered that the large head group of POPS prevents hydrophobic hy-
dration, especially in small rHDLs. Incorporation of POPE reduced the
bτ> values for large rHDLs, but this reduction was not observed for
small rHDLs. This result indicates that POPE loosens packing at the
membrane surface and, thus, increases hydrophobic hydration in planar
rHDLs. On the other hand, the head group region of saddle-shaped
POPC/POPE rHDLs is considered tightly packed, similar to POPC rHDLs.
In other words, POPE destabilizes planar rHDLs by bringing about unfa-
vorable hydrophobic hydration and promoting the formation of
saddle-shaped particles. For POPC/SM rHDLs, data are only shown for
large particles since small rHDLs could not be produced. POPC/SM
rHDLs gave the largest bτ>value among large rHDLs, suggesting tighter
head group packing.
3.4. Lateral pressure in rHDLs
To reveal the internal lipid-packing state in rHDLs, lateral pressure of
the acyl chain in rHDLswas evaluated by using the excimer ﬂuorescence
of C10dipyPC [27,28]. Our previous study has shown that the ratio of
excimer (Ie)-to-monomer (Im) ﬂuorescence intensity (Ie/Im) for 7.9-nm
POPC rHDLs is much lower than that for 9.6-nm rHDLs. This is because
the distance between 2 pyrene moieties of C10dipyPC increases with
the deformation of the bilayer from a planar surface to a negatively
curved surface, i.e., saddle surface [17]. In this study, we applied this
method to rHDLs with different lipid compositions (Fig. 4). As expected,Fig. 3. Mean ﬂuorescence lifetime bτ> of dansyl PE in rHDLs. rHDLs labeled with
0.2 mol% dansyl PE were prepared with POPC, POPC/POPS=8/2, POPC/POPE=5/5, or
POPC/SM=7/3 by sodium cholate dialysis and were fractionated into large rHDLs
(open bars) and small rHDLs (ﬁlled bars) by gel ﬁltration chromatography. The samples
were excited by pulsed excitation light passing through a HOYA U350 ﬁlter and
their ﬂuorescence decay was detected through a HOYA Y48 ﬁlter at 25 °C. The data
represent means±SD for 3 experiments.small rHDLs had a lower Ie/Imvalue than large rHDLswith the same com-
position, suggesting the saddle-shaped structure of the former particles.
A characteristic behavior was observed for POPC/POPE rHDLs; small
POPC/POPE rHDLs had a signiﬁcantly larger Ie/Im value than other small
rHDLs. This suggests that reduction in acyl chain packing due to deforma-
tion from the planar to the saddle surface is reversed by the incorpora-
tion of POPE.
It should be noted that the Ie/Im value depends on the average
distance of 2 pyrenemoieties aswell as themobility of the surroundings
where they localize. This applies especially when the lipid composition
varies, since the mobility of the membranes may change. For example,
although SM having a high gel–liquid crystalline phase transition tem-
perature is considered to promote denser acyl chain packing and to
bring 2 pyrene moieties closer, the Ie/Im value remarkably decreased
contrary to the expectation. This can be interpreted as a decreased
mobility in SM-containingmembranes. Hence, we next aimed to deter-
mine the acyl chain order unambiguously by time-resolved ﬂuores-
cence anisotropy.3.5. Acyl chain order in rHDLs
To reveal the effects of lipid composition on the acyl chain order of
the lipid bilayer in rHDLs, we performed time-resolved ﬂuorescence
anisotropy measurements to determine the order parameter (S) of
DPH in rHDLs. As shown in Fig. 5, large rHDLs always represented
larger S values than small rHDLs. This result supports again the
saddle-shaped structure of small rHDLs. POPC/SM rHDLs represented
the highest acyl chain order, as expected. Large POPC/POPE rHDLs also
showed large S values, but small particles represented similar S values
compared to small POPC rHDLs. This result suggests that POPE increases
the acyl chain order in planar rHDLs and that this entropy loss is re-
versed by the formation of saddle-shaped particles.4. Discussion
In this study we prepared rHDLs with apoA-I isolated from pigs.
Pig apoA-I consists of 241 amino acids, which is 2 amino acids shorter
than human apoA-I [29]. The protein sequence, with a well-conserved
secondary structural motif of amphipathic helices, is very homologous
(79%) to human apoA-I. The POPC rHDL particles, characterized by gel
Fig. 5. Order parameter ofDPH in rHDLs. rHDLswere preparedwithPOPC, POPC/POPS=8/2,
POPC/POPE=5/5, or POPC/SM=7/3 by sodium cholate dialysis and were fractionated into
large rHDLs (open bars) and small rHDLs (ﬁlled bars) by gel ﬁltration chromatography.
The samples were labeled with DPH and then excited by pulsed excitation light passing
through a polarizing prism, HOYA U360 ﬁlter and UV-34 ﬁlter, and their ﬂuorescence
decay was detected through a polarizing ﬁlm, CuSO4 solution (250 mg/mL) and HOYA L42
ﬁlter, at 25 °C. From the anisotropy decay, order parameter S was determined using
Eq. (5). The data represent means±SD for 3 experiments.
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with human apoA-I [15].
In general, most of the experimental evidence, including simulation-
based studieswith regard to the structure of discoidal HDLs, accepts the
double-belt model, in which 2 apoA-I molecules surrounding a planar
lipid bilayer are arranged in a continuous antiparallel, amphipathic
helix, although the details for apoA-I conformation are still a matter of
debate [30–37]. Recently, a novel structure termed double superhelix
model has been proposed, where apoA-I possesses an open helical
shape that wraps around a central prolate ellipsoidal lipid phase
[38,39], but veriﬁcation by Segrest's group has argued against this
model [40]. Segrest et al. [41] have recently validated their own model
[34,40] using a recent crystal structure of Δ185–243 apoA-I [42]. They
have also investigated the structure of small HDLs experimentally and
with molecular dynamics simulations [33,34] and demonstrated that
these particles no longer form a planar bilayer but a minimal surface
(saddle surface). The model is based on the crystal structure obtained
from Δ1–43 apoA-I [43], which adopts a sharply curved horseshoe
shape. Within the twisted apoA-I double belt, the lipid bilayer settles
into a saddle-shaped, minimal surface.
In our previous study, the ﬂuorescence approaches using C10dipyPC
and dansyl PE supported the hypotheses that the lipid bilayer in smaller
POPC rHDL particles (9.0 nm and 7.9 nm) forms a saddle surface, al-
though larger particles (9.6 nm) have a planar bilayer [17]. In addition,
we reconstituted POPC rHDLs using a class A amphipathic α-helical
peptide, which is a model of lipid-binding sites for apoA-I [44,45]. The
result showed that they do not form saddle-shaped particles, and we
concluded that the structural ﬂexibility of apoA-I is an important factor
in the formation of saddle surface [25].
In this study, the effects of lipid composition on the formation of
discoidal HDLs were investigated at 37 °C. It is noteworthy that hardly
any small POPC rHDLs could be produced at this temperature. In the
saddle-shaped bilayer, deformation into a negatively curved structure
forces lipids to decrease acyl chain lateral packing density, and simulta-
neously, to reduce hydrophobic hydration. Because this is an entropical-
ly driven process, the formation of a saddle-shaped bilayer at higher
temperatures should be favored. Hence, the observation that saddle-
shaped rHDLs are unstable at higher temperatures could be ascribed
to another component, i.e., apoA-I. A plausible explanation is that
apoA-I with a twisted-belt conformation would hold lower motional
freedom than that with a ﬂat structure.Gel ﬁltration chromatography revealed that among the lipids used in
this study, POPS andPOPEhave a tendency to promote formation of small
rHDLs. The effects of POPS seem 2-fold: First, POPS improves the
membrane–apoA-I interaction. Surewicz et al. have shown that model
membranes containing excess acidic PLs (e.g., phosphatidylglycerol or
PS) are efﬁciently solubilized by apoA-I [46]. This result could be at-
tributed to increased electrostatic interaction between the anionic
membrane and cationic sites of apoA-I. Enhanced membrane–apoA-I
interaction increases the number of apoA-I particles participating in
rHDL formation, which acts so that small rHDLs are formed. Second,
the large head group of POPS reduces hydrophobic hydration, especially
in small rHDLs. Therefore, POPS is considered to stabilize the structure
of small rHDLs.
POPE promotes the formation of small rHDLs in a different fashion.
Incorporation of conical-shaped POPE into the planar bilayer allows
water penetration into the head group region; concomitantly, acyl
chains are going to be packed densely to minimize hydrophobic hy-
dration. These entropic constraints destabilizing the planar bilayer
are relieved by transformation into saddle-shaped surfaces, where 2
monolayers of the bilayer gain a negative curvature. We observed
the decrease in the relative content of small rHDLs (from 43 to
18%) at the decrease in the LPR from 100 to 25 (Table 1): This obser-
vation can also possibly be explained by the planar bilayer destabili-
zation effect of POPE. That is, the conical-shaped lipid could be
preferably distributed to rHDL particles than to planar bilayer vesi-
cles at LPR=100, where vesicles appeared more than at LPR=25,
and as a consequence, the composition of POPE in rHDLs would
increase.
Unlike POPE, SM enhances the packing of both head groups and acyl
chain regions. This “hard lipid” did not promote small rHDL formation.
However, and interestingly, SM increased the efﬁciency of HDL forma-
tion (increase in the fraction of lipid recovered in HDLs). rHDL forma-
tion is a thermodynamically favorable process accompanied by the
decrease in enthalpy and entropy, which is attributed primarily to the
formation of helices in apoA-I [22]. Conversely, factors other than
helix formation that contribute to rHDL formation lead to an increase
in Gibbs energy that occurs with the unfavorable entropy and favorable
enthalpy changes [22]. These factors most probably originate from the
closer packing of lipids in rHDLs [17,22,47]. That is, compared to
vesicles, lipids in rHDLs are in a state of lower enthalpy and entro-
py. As can be understood from the fact that SM has a high gel-to-
liquid crystalline phase transition temperature, this lipid with a
sphingosine backbone and a saturated acyl chain (C16:0 is domi-
nant for chicken egg SM) reinforces the van der Waals interaction,
and, thereby, favors a state of lower enthalpy and entropy, i.e., in
rHDLs.
In summary, the present data reconﬁrmed the saddle-shaped bilayer
structure of small rHDLs. This is important in the sense that our mem-
brane structure study can be an approach to overcome the difﬁculty on
the HDL structure evaluation. In addition, our experiments revealed
that PS and PE promote small rHDL formation at 37 °C by stabilizing
the saddle-shaped structure (for PS) or destabilizing the planar structure
(for PE) of lipid bilayers. Nascent HDLs of corresponding size have been
reported to be created by the interaction of apoA-I with cells expressing
ABCA1 [48,49]. Our results imply that PS and PE are required for the for-
mation of saddle-shaped rHDLs under biological conditions and that the
existence of various lipids may affect the population of discoidal HDLs in
plasma.Acknowledgements
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